Time reversal explores the rich scattering in a multipath environment to achieve high target detectability. MIMO radar is an emerging active sensing technology that uses diverse waveforms transmittedfrom widely spaced antennas to achieve increased target sensitivity when compared to standard phased arrays. In this paper, we combine MIMO radar with time reversal to further improve the performance of radar detection. We establish a radar target model in multipath rich environments and develop likelihood ratio testsfor theproposed time-reversal MIMO radar (TR-MIMO). Numerical simulations demonstrate improved target detectability compared with the commonly used statistical MIMO strategy.
Introduction
In time reversal (phase conjugation in the frequency domain), a short pulse, for example, transmitted by a source through a dispersive medium, is received by an array, then time reversed, energy normalized, and retransmitted through the same medium. Ifthe scattering channel is reciprocal and sufficiently rich, the retransmitted waveform refocuses on the original source. Our recent work, [1] , considers signal detection using time reversal with a pair of transmit/receive antennas. We demonstrate that the time reversal generalized likelihood ratio detector (TR-GLRT) significantly improves detection performance when compared with the conventional detection. MIMO radar explores multiple-input multiple-output techniques for adaptive transmit and receive beamforming [2, 3] . The key aspect of a MIMO radar system is the use of a set of orthogonal waveforms simultaneously transmitted from its sparsely placed antennas towards a target area. In a MIMO radar, if the antennas are far enough, the target radar cross sections (RCS) for different transmitting paths become independent random variables. Thus, each orthogonal waveform carries independent information about the target; spatial diversity about the target is thus created. Exploiting the independence between signals at the array elements, a MIMO radar achieves improved detection performance and increased radar sensitivity. This is in contrast with a conventional phased array that presupposes a high correlation between signals either transmitted or received by an array. Several researchers have developed various models for MIMO radar and provided their interpretation of MIMO radars (see, e.g., [2, 4, 5] ). In this paper, we consider a MIMO setup in a rich scattering environment where multipath propagation for targets is sufficient. There are many mechanisms that cause multipath in radar detection, for example, the presence of a large number of scatterers in the vicinity of the target of interest, or tracking and detection of low-angle targets over a flat surface [6, 7] , etc. Multipath affects the level of the energy return from the target due to coherent combining of the return signals. As a result, we will observe fades and enhancements relative to the level that is expected in a free-space environment. In general, the overall target response is characterized by the target's radar cross section, the multipath propagation due to the surrounding scatterers, and the antenna's aspect angle. The unknown nature of the complex target reflection makes the overall target response appear to be random even for a point target. Therefore, we adopt a statistical model for the target in this paper. Although our MIMO model is somehow similar to what is used in [2] , the difference is clear. In [2] , the randomness of the target is caused by many look angles from extended targets; in our case, the randomness of a (point) target response is the result of multipath. We combine time reversal with MIMO radar and develop the binary hypothesis detector. We provide analytical expressions of the test statistics. Time reversal implements matched channel filtering on the transmitter and exploits multipath propagation to its advantage. In previous work [1, 8] , we showed that time reversal offered higher resolution and improved detectability over conventional methods . In this paper, we demonstrate that a MIMO radar combined with time reversal (TR-MIMO) improves target detectability when compared with statistical MIMO (S-MIMO).
MIMO Modeling
We consider the problem of detecting a stationary or slowly moving target immersed in a multipath rich scattering environment. Such scenarios occur in many radar applications, for example, detection through tree canopy or low-angle detection and tracking. In this section, we derive the MIMO radar model.
Multipath propagation model
We consider an active multiple antenna system with a pair of stationary antenna arrays A and B. Each antenna array is composed of N omnidirectional antenna elements with uniform inter-element spacing d. The two arrays are placed at different locations, which yields a multi-static configuration. Fig. 1 illustrates a two-way radar propagation model in multipath. For simplicity, this model considers a twopath propagation with only a single reflected ray emanating from a virtual target image. The two-path propagation is caused by scatterers between the receiving array B and the target. this model can be extended to the more general scenario with multiple path propagation due to scatterers in the fields of view of both the transmitting array A and receiving array B.
The propagation medium between the radar and the target can be characterized by its Green's function, i.e., the channel response at location r to an impulse at location r'. An example of a Green's function is the free space direct path Green's function [9] , G(r, r'; f) =-0.25jH(2)(f r r/c), (1) where H (2) is the zeroth-order Hankel function of the second kind, and c is the medium propagation velocity. Here we assume that the medium is reciprocal, i.e., the Green's function satisfies the reciprocity relation: G(r, r'; f) = G(r', r; f). For a transmit signal S(f), the noise-free received signal at the n-th element of array B due to a transmit antenna at array A is given by (9) Such an assumption simplifies the mathematical development. For v(fq) :t 0, we rely on numerical means to evaluate the detection performance.
Wideband orthogonal waveforms
Radar systems typically utilize wideband waveforms to achieve fine range resolution. In our problem, the simultaneously transmitted waveforms occupy the same frequency range. To achieve the orthogonality (or quasi-orthogonality) among the transmitted waveforms, we adopt phase coding schemes, [10] . One such design uses complex orthogonal phase vectors sm by setting its entries to (16) i.e., the transmitting waveforms are quasi-orthogonal. We then use the following approximation:
Cin 5_ Cin(fq). q=O In particular, from the diagonal components (i matrix C(fq), we obtain the real-valued data (17) n) of the Q-1 N Cii = k 5 In this section, we carry out numerical simulations to evaluate the performance of the proposed detectors. We use two transmit antennas and two receive antennas (N = 2). We choose the number of frequencies Q = 4 for simulation purpose. The signal-to-noise ratio is defined as SNR = or/o2.
The false alarm rate is PFA= 0.001. Fig. 2 depicts the ROC curve for TR-MIMO vs. S-MIMO for the ideal case where the noise vector in the time-reversed signal is zero. The analytical results are consistent with the Monte Carlo simulation results. The proposed TR-MIMO has about 5 dB gain over S-MIMO. As anticipated, the TR-MIMO using diagonal terms (19) has almost identical performance to the TR-MIMO using all terms (20). Fig. 3 depicts the ROCs of TR-MIMO vs. S-MIMO where the time-reversed signal is contaminated by noise. In this case, we still observe about 3 dB gain of TR-MIMO over S-MIMO. 6 
Conclusion
This paper develops the time reversal MIMO radar detector and provides an approximate closed-form for the probability distribution of TR-MIMO. The algorithm we develop is robust in rich multipath environments and shows a significant gain over the statistical MIMO detector. 
